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Abstract
Background:  Aim of this study was to test the hypothesis that levels of hyperpolarization
activated cyclic nucleotide gated channels 1 to 4 (HCN1-4) are linked to the reproductive age of
the ovary.
Methods: Young, adult, and reproductively aged ovaries were collected from Sprague-Dawley
rats. RT-PCR and western blot analysis of ovaries was performed to investigate the presence of
mRNA and total protein for HCN1-4. Immunohistochemistry with semiquantitative H score
analysis was performed using whole ovarian histologic sections.
Results: RT-PCR analysis showed the presence of mRNA for HCN1-4. Western blot analysis
revealed HCN1-3 proteins in all ages of ovarian tissues. Immunohistochemistry with H score
analysis demonstrated distinct age-related changes in patterns of HCN1-3 in the oocytes, granulosa
cells, theca cells, and corpora lutea. HCN4 was present only in the oocytes, with declining levels
during the reproduction lifespan.
Conclusion: The evidence presented here demonstrates cell-type and developmental age patterns
of HCN1-4 channel expression in rat ovaries. Based on this, we hypothesize that HCN channels
have functional significance in rat ovaries and may have changing roles in reproductive aging.
Background
Molecular studies of ovarian granulosa cells have deter-
mined that the granulosa cells of various species express
potassium, calcium, sodium, and chloride channels.
These channels have electrical activity and generate action
potentials. Porcine granulosa cells express a potassium
current (IA), a delayed rectifier K+ current (IK) and Ca2+
currents [1,2]. Ion channels such as Kv1.1, Kv1.2, Kv1.3,
Kv1.4, Kv1.5, Kv1.6, KCNQ1, KCNE1 have been identi-
fied in porcine granulosa cells [2]. Kir6.1 and Kv4.2 are
expressed in human granulosa cells [3,4]. Ca2+ subunits
Cav1.2 and Cav3.2 are expressed in human granulosa
cells and calcium type currents are also found in human
granulosa cells [5,6]. Human granulosa cells express a
Published: 18 August 2008
Reproductive Biology and Endocrinology 2008, 6:35 doi:10.1186/1477-7827-6-35
Received: 19 May 2008
Accepted: 18 August 2008
This article is available from: http://www.rbej.com/content/6/1/35
© 2008 Yeh et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Reproductive Biology and Endocrinology 2008, 6:35 http://www.rbej.com/content/6/1/35
Page 2 of 8
(page number not for citation purposes)
Ca2+ activated K+ current (BKCa), a transient outward K+
current and an ATP-sensitive potassium channel [3,4,7].
In hen granulosa cells, chloride channels are activated by
cAMP during LH-stimulated progesterone production [8].
During aging, potassium, calcium and sodium channels
activities and levels are altered. For the potassium and cal-
cium channels, the channels in the cells in the brain,
heart, liver, and pancreas all change during the process of
aging [9-12]. Cumulatively, these changes include a
decrease in the total number of ion channels present and
alterations in the distribution and activity of the channels.
For the sodium channels, the changes associated with
developmental aging in retinal ganglion cells, myocar-
dium and in kidney epithelium cells include shifts in the
number and alterations in conduction activity [13-15].
These reports suggest that there are specific age-related
patterns in the expression and physiological activity of ion
channels.
Hyperpolarization activated cyclic nucleotide gated
(HCN) channels generate a pacemaker current (Ih) that
controls spontaneous pacemaker activity in the heart and
brain [16-19]. There are four members of the HCN gene
family and they belong to the voltage-gated K+ super-
family. The four forms of HCN genes (HCN1-4) have
highly conserved core transmembrane and cyclic nucle-
otide binding regions, with each of the four proteins hav-
ing a six transmembrane region. The four HCN genes have
different distributions in the heart and brain, suggesting
that they have different functions. HCN channels have
been in found in neurosecretory neurons of the hypotha-
lamus, retinal rod photoreceptors, hair cells of the audi-
tory system, olfactory neurons, spinal cord dorsal root
ganglion neurons, and the enteric nervous system [16-25].
The wide distribution of the HCN channels suggests that
they have roles in a number of different physiological con-
ditions. In addition to the wide distribution of these chan-
nels, it has been previously reported that HCN4
expression in the hippocampus is related to developmen-
tal age, suggesting that these channels also have aging-
related changes [23,24].
To our knowledge, no prior studies have investigated the
HCN channels in the ovary. Given the important roles of
HCN in other organs and given the aging-related changes
found in potassium, calcium, sodium and HCN channels,
it was hypothesized that HCN channels play vital roles in
the ovary and that alterations of their expression would be
found during reproductive aging. In this study, we ana-
lyzed the expression and localization of HCN1-4 in the rat
ovary to assess this postulate.
Methods
Animals and treatment
Sprague-Dawley rats (Harlan, Indianapolis, IN) of three
age groups were studied: 1.) "young", 26 days old, imma-
ture control females; 2.) "adult", 65–75 day old, adult
control females and; 3.) "reproductive aging", 8–9 month
old retired breeders, experimental females with declining
fertility [26]. The animals were maintained under stand-
ard housing conditions with a 12 h:12 h light cycle. They
were provided access to standard rat chow (Harlan, Indi-
anapolis, IN) and water ad libitum. The animals were
euthanized by an overdose of carbon dioxide. Subse-
quently, both ovaries were dissected out from each ani-
mal; one ovary was snap frozen and stored at -80°C while
the other one was fixed in 10% formalin and stored at
4°C for paraffin sectioning. All procedures were approved
by the Institutional Animal Care and Use Committee of
the University at Buffalo (GYN07042N).
RNA isolation and RT-PCR
Rat ovarian total RNA was isolated using Trizol (Gibco-
BRL, Life Technologies, Grand Island, NY). RT-PCR was
performed as previously described by our laboratory [25],
using a Promega Access RT-PCR kit (Access RT-PCR Sys-
tem, Promega, Madison, WI). PCR primers were designed
to amplify rat HCN1-4 mRNA (Table 1) and were slightly
modified from mouse primers used previously [25]. Posi-
tive control for HCN1-4 was brain RNA and the negative
control was running the PCR reaction without the cDNA
template. PCR conditions were as follows: 45°C for 45
min, 94°C for 2 min, and then 40 cycles of 94°C for 30
sec, 60°C for 1 min, 68°C for 2 min, and a final extension
of one cycle at 68°C for 7 min. The analysis of the RT-PCR
reaction products was by agarose gel electrophoresis.
Western blotting
Total protein was isolated by procedures used previously
[25,26]. In brief, rat tissues were lysed in RIPA buffer, con-
taining 50 mM Tris-HCl, 150 mM NaCl, 0.1% sodium
Table 1: Primers for RT-PCR reactions
Gene GenBank Accession No. Forward primer (5'-3') Reverse primer (3'-5') Size of product (bp)
HCN1 NM_053375 TTCATGCAGAGGCAGTTCAC CACGGTGTTGTTGTTTGCTC 248
HCN2 NM_053684 CCATGCTGACAAAGCTCAAA CGAGCTGAGATCATGCTGAA 377
HCN3 NM_053685 TCGGACACTTTCTTCCTGCT GGTTGAAGATGCGAACCACT 364
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dodecyl sulfate (SDS), 1% NP-40, 1 mM phenylmeth-
anesulfonyl fluoride (PMSF), and 0.5% N, N'-dicyclohex-
ylcabodiimide (DCC) [25,26], along with protease
inhibitors (Sigma, St. Louis, MO, 1:100). The protein con-
centrations were determined by the Bradford method
(Bio-Rad, Hercules, CA). Fifty micrograms of protein from
rat tissues under reducing conditions were loaded onto a
10% (HCN2 and HCN3) or an 8% (HCN1 and HCN4)
Tris-Glycine SDS-polyacrylamide gel (Invitrogen,
Carlsbad, CA). After electrophoresis, the proteins were
electrically transferred to a nitrocellulose membrane
(VWR International, West Chester, PA), blocked with 5%
skim milk in TTBS (TBS with 0.1% Tween 20), and then
incubated overnight at 4°C with rabbit polyclonal anti-
bodies against HCN1-4 (anti-HCN 1, 2, 3 or 4; product #
APC-056, APC-030, APC-057, APC-052, respectively; Alo-
mone Labs Ltd., Jerusalem, Israel) [26] at a dilution of
1:200. Horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (1:2500; Amersham Pharmacia, Piscata-
way, NJ) was used to identify the protein bands and they
were amplified using SuperSignal West Pico Chemilumi-
nescent Substrate Kit (Pierce Biotechnology, Rockford,
IL). Visualization of the protein bands was by CL-Xposure
film (Pierce Biotechnology).
Immunohistochemistry and H score semiquantitative 
analysis
After fixation, ovaries were embedded in paraffin and cut
at 4 μm thick sections that were placed on Starfrost Adhe-
sive positively charged microscope slides (Mercedes Med-
ical, Germany) and the procedures used were as
previously described [27]. Sections were deparaffinized
using xylene and rehydrated using graded alcohol series.
Sections were rinsed in distilled water then incubated for
30 minutes in 4N HCl at 37°C for antigen retrieval. Slides
were cooled to room temperature, and then washed in
PBS for 5 minutes. The slides were then placed in sodium
borohydride diluted in PBS at a concentration of 1 mg/ml.
The slides were then rinsed three times in PBS. The tissue
sections were then blocked for 1 hour at room tempera-
ture using 5% goat serum and 5% BSA. The slides were
transferred to a humidified chamber, and a rabbit polyclo-
nal primary antibody against one of the HCN channels
described in Western blotting. The HCN2 and HCN3 ani-
tibodies were applied at dilutions of 1:200, and HCN1
and HCN4 were at dilutions of 1:50. As negative control,
the primary antibodies were omitted. To confirm specifi-
city of immunostaining, an additional negative control
was performed for each of the channels. The anti-HCN1-
4 antibodies were pre-incubated with the appropriate
antibody control antigen as follows: HCN 1 6–24 Peptide,
HCN 2 147–161 Peptide, HCN 3 727–744 Peptide, and HCN4-
GST fusion protein (provided by Alomone labs). For the
HCN1-3 preadsorption control solution, 1 μg of peptide
was incubated with 1 μg of antibody and for HCN 4
preadsorption control solution, 3 μg of fusion protein was
incubated with 1 μg of antibody for one hour at 37°C,
centrifuged at 12,000 rpm, and then applied to the tissue
sections. The slides were incubated with primary antibod-
ies overnight at 4°C. The following morning, slides were
washed 3 times in PBS for 5 minutes each. To visualize the
primary antibody, Alexa Fluor goat anti-rabbit 594
(Molecular Probes, Eugene, OR) were applied to the tissue
sections for 30 minutes at room temperature in the dark.
To visualize HCN1, 2, and 3, the Alexa Fluor was applied
at a dilution of 1:1000. To visualize HCN4, the secondary
antibody was applied at a dilution of 1:500. Slides were
air dried for 1 hour and cover-slipped using ProLong Anti-
fade (Molecular Probes). The sections were then viewed
on a Nikon Eclipse E400 fluorescent Microscope (Micro
Video Instruments, Avon, MA) using the appropriate fil-
ters.
A modified H score system was used to analyze the HCN
channels 1 to 4 staining [27,28]. This scoring system was
based on two criteria: the distribution of the staining, and
the intensity of the staining. The following scale was used
to determine the distribution of the stain in a structure:
less than 50% of the structure stained was scored as 1,
greater than or equal to 50% of the structure stained was
scored as 2. To determine the intensity of the stain the fol-
lowing scale was used: no stain = 0, weak staining = 1,
moderate staining = 2, and intense staining = 3. The num-
bers obtained for the distribution and intensity were then
multiplied together for a combined score. A total score of
6 was the maximum for any structure. Two independent
observers scored the sections for H score analysis. The
results from each reviewer were compared and any dis-
crepancy greater than 10% resulted in a reevaluation with
both reviewers. Follicles were divided into classes based
on the criteria of Oktay et al [29]. Primordial, primary,
preantral, and antral follicles were included in the H score
analysis, as well as thecal cells, oocytes, and corpora lutea.
Statistical analysis
Three separate rats in each age group were used for the RT-
PCR and western blot experiments. Data for the ovarian
immunofluorescence H score analysis are presented as
mean +/- standard error and represent results from exper-
iments repeated in triplicate. Statistical analyses of the
ovarian H scores for HCN1-4 were performed using a one-
way ANOVA followed by a linear contrast (SPSS version
11). P < 0.05 was considered statistically significant.
Results
Gene expression and western blot analysis of HCN1-4
HCN1-4 mRNA expression in the rat ovary was deter-
mined by RT-PCR (Figure 1A). For all four HCN channels,
RT-PCR demonstrated the presence of these mRNA in the
ovaries in all reproductive stages studied. Western blotReproductive Biology and Endocrinology 2008, 6:35 http://www.rbej.com/content/6/1/35
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analysis showed protein bands for HCN1-3 in rat ovaries
of the three reproductive stages studied (Figure 1B). For
HCN4, no protein was detected in the rat ovarian tissue by
our whole ovarian extract western blot analysis. However,
a 150 kDa protein band was found for rat brain and heart,
two positive controls.
Immunohistochemistry of ovarian HCN1-4
Figure 2 depicts ovarian follicles and the staining patterns
found using immunofluorescence to analyze for the local-
ization of HCN1-4 in young, adult and reproductively
aged rat ovaries. By H score analysis (Figure 2), differences
were detected in the spatial and temporal localization of
HCN1-4 in the rat ovary. All four HCN proteins were
detected in ovaries of all three reproductive ages. How-
ever, there were specific spatial protein differences in the
distribution of HCN1-4. For HCN1, HCN2, and HCN3,
the proteins were found in oocytes and in the granulosa
cells of primary, preantral, and antral follicles. In addi-
tion, all three proteins were found in thecal cells. Further-
more, all three proteins were localized to corpora lutea.
For HCN4 experimental tissue sections, HCN4 protein
expression was localized only to the oocytes. In the
HCN1-4 negative control experiments, both types of neg-
ative control experiments, the preabsorbed control exper-
iments and the omission of the primary antibody
experiments, were appropriately negative.
In addition to the spatial findings above, there were age-
related findings related to the reproductive age of the ova-
ries for the specific ovarian structures studied (Figure 3).
For the following structures, there were differences in the
H scores for the HCN proteins for the three reproductive
ages studied: 1.) oocytes: HCN1 (decline in H score with
increasing reproductive age; p < 0.05), HCN3 (decline in
H score with increasing reproductive age; p < 0.01) and
HCN4 (decline in H score with increasing reproductive
age; p < 0.01); 2.) preantral follicle granulosa cells: HCN3
(decline in H score with increasing reproductive age; p <
0.05); 3.) primary follicle granulosa cells: HCN3 (decline
(A) RT-PCR analysis of ovarian HCN1-4 gene expression Figure 1
(A) RT-PCR analysis of ovarian HCN1-4 gene expression. (a) A 248 bp HCN1 RT-PCR band in all three developmental ages 
studied. (b) A 377 bp HCN2 RT-PCR band was evident in all three developmental ages studied. (c) A 364 bp HCN3 RT-PCR 
band was expressed in all three developmental stages studied. (d) A 219 HCN4 RT-PCR band was present in all three devel-
opmental stages studied. n = 3 animals studied per gene per reproductive stage. M = marker; B = brain; Y = young; A = adult; 
RA = reproductive aging; N = negative; H = heart. B. Western blot analysis of ovarian lysates for HCN1-4 protein expression 
of young, adult and reproductively aged rats. (a) Western blot analysis for HCN1 in ovaries. (b) Western blot analysis for 
HCN2 in ovaries. (c) Western blot analysis for HCN3 in ovaries. (d) Western blot analysis for HCN4 in ovaries. n = 3 animals 
studied per protein per reproductive stage.
a. HCN1
b. HCN2
c. HCN3
d. HCN4
  M       B       Y       A      RA      N
248 bp
377 bp
364 bp
219 bp
A
117 kDa 
66 kDa 
97kDa 
Y       A    RA    B    H
87 kDa 
150 kDa 
d. HCN4
a. HCN1 
b. HCN2
c. HCN3
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in H score with increasing reproductive age; p < 0.01); 4.)
thecal cells: HCN3 (decline in H score with increasing
reproductive age; p < 0.01).
Discussion
All four types of HCN channels are expressed in the ovary
as evidenced by RT-PCR, western blot, and immunohisto-
chemical results presented in this report. To our knowl-
edge, this is the first description of the changes in
distribution of the HCN channels in ovarian structures in
the reproductive life-cycle. These channels have specific
patterns in the different ovarian cell types. HCN channels
1–3 are expressed in oocytes, granulosa cells of primary,
preantral, and antral follicles, the thecal cells, and in luteal
cells, while HCN4 is only expressed in oocytes. This sug-
gests that different ovarian structures use different combi-
nations of HCN channels for normal physiological
function. Furthermore, HCN4 appears to be oocyte spe-
cific and, thus, this protein may be useful to define the
physiological status of an oocyte.
Ion channels are involved in ovarian steroidogenesis.
Potassium channels mediate gonadotropin regulated pro-
gesterone secretion in human granulosa cells [3,4,7,30].
L- and T-type Ca2+ channels mediate hCG stimulated pro-
gesterone secretion in human granulosa cells [5]. Sodium
channels down regulate progesterone production in pri-
mate granulosa cells [31]. Potassium channels and cAMP
are involved in FSH-stimulated progesterone production
in pig granulosa cells [32]. Given that HCN channels are
located in all the cell types which are involved in steroido-
genesis, the granulosa, theca and corpora lutea cells, it
would not be unreasonable to hypothesize that the HCN
channels also participate in this important ovarian activ-
ity. HCN channels have been identified in secretory cells
including GnRH neurons, pancreatic β-cells, and pituitary
lactotrophs [16-19,25]. Several studies have described
membrane hyperpolarization in granulosa cells. Activa-
tion of BKCa channels resulting in membrane hyperpolari-
zation is required for steroidogenesis in human luteinized
granulosa cells [7]. Thus, membrane hyperpolarization
may be a mechanism controlling steroid production in
the granulosa cells of the ovary. In contrast to most volt-
age gated channels, HCN channels are activated by mem-
brane hyperpolarization [16-19]. In granulosa cells it is
possible that hyperpolarization of the cell membrane
could activate HCN channels, thereby resulting in mem-
brane depolarization. Depolarization could activate cal-
cium and cAMP signaling, thus resulting in activation of
steroidogenic enzymes and thereby increasing steroid pro-
duction. This hypothesis would be supported by demon-
stration of functional HCN channels in granulosa cells.
Immunofluorescence localization of HCN1-4 in young, adult and reproductively aged rat ovaries Figure 2
Immunofluorescence localization of HCN1-4 in young, adult and reproductively aged rat ovaries. Experimental and negative 
control studies are presented from consecutive ovarian sections for each HCN protein for each reproductive state. (A) Local-
ization of HCN1-4 channels in the young ovary. (B) Localization of HCN1-4 channels in the adult ovary. (C) Localization of 
HCN1-4 channels in the reproductive aging ovary. n = 3–9 animals studied per protein per reproductive stage.
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H Score analysis of HCN1-4 channels in the different ovarian structures throughout the aging process Figure 3
H Score analysis of HCN1-4 channels in the different ovarian structures throughout the aging process. (A) The H scores of 
HCN1 (a), HCN2 (b), HCN3 (c), and HCN4 (d) channels in the oocytes during the reproductive aging process. (B) H score 
analysis of granulosa cells in different follicle classes. (a-d) H scores of HCN1-4 channels in primary follicles. (e-h) Results of H 
score analysis of HCN1-4 channels in preantral follicle granulosa cells. (i-l) H scores for HCN1-4 channels in the granulosa cells 
of antral follicles. (C) H score analysis of HCN1 (a), HCN2 (b), HCN3 (c), and HCN4 (d) expression in theca cells. (D) H 
score analysis of HCN1-4 channels (a-d respectively) in the corpora lutea. N/A – not applicable, as the young rats do not yet 
have corpora lutea. n = 3–9 animals studied per protein per reproductive stage.
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There are age related changes in potassium, calcium and
sodium channel expression [9-15]. In the data presented
in this report, HCN1 and HCN2 had minimal variation
through the aging process, with HCN1 only exhibiting
declining levels in the oocytes during reproductive aging.
This suggests that the expression of these two channels
remains relatively constant throughout granulosa and the-
cal cell reproductive aging and may have minor or
unchanging roles in ovarian physiologic functions such as
steroidogenesis or peptide hormone production. HCN3
has different expression patterns in the granulosa cells and
theca cells during the aging process, indicating that there
is an age-dependent expression of HCN3 in ovarian struc-
tures, suggesting that the changes in steroidogenesis dur-
ing aging might be modulated through this protein.
HCN3 expression decreases during aging in oocytes, gran-
ulosa cells of preantral follicles, and in theca cells, suggest-
ing a possible function in the decrease of ovarian function
in advancing reproductive age. The mechanism of this
decline is not yet known and understanding of the mech-
anism could lead to further insights into the overall aging-
related reduction of ovarian function. To date, the physi-
ologic processes in reproductive aging are not yet fully
understood. HCN channels may play a role in ovarian
aging and, in addition, they could serve as immunohisto-
chemical biomarkers for reproductive aging.
HCN4 is an oocyte specific channel and may be an indi-
cator of oocyte quality. There is a linear decrease in the
expression of HCN4 throughout the reproductive aging
process in the female rat. Brewster et al. and Surges et al.
showed a steady decrease in HCN4 expression throughout
the maturation process of the rat hippocampus [23,24]. In
the ovary, growth differentiation factor 9 (GDF-9) has
been found to be oocyte specific [33-35]. GDF-9 has been
demonstrated to be essential to the growth and differenti-
ation of early ovarian follicles. In cultured bovine granu-
losa cells, GDF-9 stimulated the proliferation of granulosa
cells from small and large antral follicles and can disrupt
the production of progesterone and estradiol [36]. The
functions of HCN4 in the oocyte have not been deter-
mined to date, but it is possible that the channel may also
be necessary for growth and differentiation of ovarian fol-
licles or for steroid production.
Conclusion
In conclusion, HCN1-4 channels are expressed in the
ovary and there are differential expression patterns for the
channels. HCN1-3 are expressed in ovarian structures
including oocytes, granulosa and thecal cells, and in luteal
cells, while HCN 4 is only expressed in the oocytes. There
are decreases in the expression of HCN1, 3, and 4 in the
oocytes during reproductive aging, with the decrease in
HCN4 being the most pronounced. HCN3 expression are
also decreased in the granulosa cells of preantral follicles
and theca cells in reproductive aging. Future studies need
to be conducted to determine the specific roles of HCN
channels in the ovaries and the physiological reasons for
the changes in the expression of the channels through the
aging process.
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horseradish peroxidase; HCl: hydrochloric acid; PBS:
phosphate buffered saline; hCG: human chorionic gona-
dotropin; FSH: follicle stimulating hormone; GnRH:
gonadotropin releasing hormone; β: beta
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
JY conceived of the study along with AA, and participated
in its design and coordination and helped to draft the
manuscript. BSK is responsible for the Western blots and
RT-PCR, data and statistical analysis, and manuscript
preparation. LG carried out the immunohistochemistry
and baseline research articles for the initial research. JP
carried out the immunohistochemistry, baseline research
articles, data and statistical analysis, and manuscript prep-
aration. CP carried out the immunohistochemistry as well
as data analysis. AA conceived of the study along with JY,
and participated in its design and coordination and
helped to draft the manuscript. All authors read and
approved the final manuscript.
Acknowledgements
This work was presented, in part, at the American Society for Cell Biology 
Annual Meeting as Abstract #2226 in San Diego, CA in 2006.Reproductive Biology and Endocrinology 2008, 6:35 http://www.rbej.com/content/6/1/35
Page 8 of 8
(page number not for citation purposes)
We would like to thank Charles Wu for his financial gift and the Walter 
Mazol fund.
References
1. Kusaka M, Tohse N, Nakaya H, Tanaka T, Kanno M, Fujimoto S:
Membrane currents of porcine granulosa cells in primary
culture: characterization and effects of luteinizing hormone.
Biol Reprod 1993, 49(1):95-103.
2. Mason DE, Mitchell KE, Li Y, Finley MR, Freeman LC: Molecular
basis of voltage-dependent potassium currents in porcine
granulosa cells.  Mol Pharmacol 2002, 61(1):201-213.
3. Kunz L, Richter JS, Mayerhofer A: The adenosine 5'-triphos-
phate-sensitive potassium channel in endocrine cells of the
human ovary: role in membrane potential generation and
steroidogenesis.  J Clin Endocrinol Metab 2006, 91(5):1950-1955.
4. Kunz L, Ramsch R, Krieger A, Young KA, Dissen GA, Stouffer RL,
Ojeda SR, Mayerhofer A: Voltage-dependent K+ channel acts as
sex steroid sensor in endocrine cells of the human ovary.  J
Cell Physiol 2006, 206(1):167-174.
5. Agoston A, Kunz L, Krieger A, Mayerhofer A: Two types of cal-
cium channels in human ovarian endocrine cells: involve-
ment in steroidogenesis.  J Clin Endocrinol Metab 2004,
89(9):4503-4512.
6. Platano D, Magli MC, Ferraretti AP, Gianaroli L, Aicardi G: L- and T-
type voltage-gated Ca2+ channels in human granulosa cells:
functional characterization and cholinergic regulation.  J Clin
Endocrinol Metab 2005, 90(4):2192-2197.
7. Kunz L, Thalhammer A, Berg F, Berg U, Duffy DM, Stouffer RL, Dissen
GA, Ojeda S, Mayerhoffer A: Ca2+ activated large conductance
K+ channel in the ovary: identification, characterization, and
functional involvement in steroidogenesis.  J Clin Endocrinol
Metab 2002, 87(12):5566-5574.
8. Chiang M, Strong JA, Asem EK: Luteinizing hormone activates
chloride currents in hen ovarian granulosa cells.  Comparative
Biochemistry and Physiology, Part A Physiology 1997, 116(4):361-368.
9. Cingolani LA, Gymnopoulos M, Boccaccio A, Stocker M, Pedarzani P:
Developmental regulation of small-conductance Ca2+-acti-
vated K+ channel expression and function in rat Purkinje
neurons.  J Neurosci 2002, 22(11):4456-4467.
10. Liu SJ, Wyeth RP, Melchert RB, Kennedy RH: Aging-associated
changes in whole cell K(+) and L-type Ca(2+) currents in rat
ventricular myocytes.  Am J Physiol Heart Circ Physiol 2000,
279(3):H889-H900.
11. Krylova IB, Kachaeva EV, Rodionova OM, Negoda AE, Evdokimova
NR, Balina MI, Sapronov NS, Mironova GD: The cardioprotective
effect of uridine and uridine-5'-monophosphate: The role of
the mitochondrial ATP-dependent potassium channel.  Exp
Gerontol 2006, 41(7):697-703.
12. Oshiro T, Takahashi H, Ohsaga A, Ebihara S, Sasaki H, Maruyama Y:
Delayed expression of large conductance K+ channels
reshaping agonist-induced currents in mouse pancreatic aci-
nar cells.  J Physiol (Lond) 2005, 563(Pt 2):379-391.
13. Schmid S, Guenther E: Alterations in channel density and
kinetic properties of the sodium current in retinal ganglion
cells of the rat during in vivo differentiation.  Neuroscience 1998,
85(1):249-258.
14. Stocker PJ, Bennett ES: Differential sialylation modulates volt-
age-gated Na+ channel gating throughout the developing
myocardium.  J Gen Physiol 2006, 127(3):253-265.
15. Watanabe S, Matsushita K, McCray PB Jr, Stokes JB: Developmental
expression of the epithelial Na+ channel in kidney and uroep-
ithelia.  Am J Physiol 1999, 276(2 Pt 2):F304-314.
16. DiFrancesco D: Serious workings of the funny current.  Prog Bio-
phys Mol Biol 2006, 90(1–3):13-25.
17. Robinson RB, Siegelbaum SA: Hyperpolarization-activated cat-
ion currents: from molecules to physiological function.  Annu
Rev Physiol 2003, 65:453-480.
18. Craven KB, Zagotta WN: CNG and HCN channels: two peas,
one pod.  Annu Rev Physiol 2006, 68:375-401.
19. Baruscotti M, Bucchi A, Difrancesco D: Physiology and pharma-
cology of the cardiac pacemaker ("funny") current.  Pharmacol
Ther 2005, 107(1):59-79.
20. Ludwig A, Zong X, Stieber J, Hullin R, Hofmann F, Biel M: Two pace-
maker channels from human heart with profoundly different
activation kinetics.  EMBO J 1999, 18(9):2323-2329.
21. Wainger BJ, DeGennaro M, Santoro B, Siegelbaum SA, Tibbs GR:
Molecular mechanism of cAMP modulation of HCN pace-
maker channels.  Nature 2001, 411(6839):805-810.
22. Ludwig A, Budde T, Stieber J, Moosmang S, Wahl C, Holthoff K,
Langebartels A, Wotjak C, Munsch T, Zong X, Feil S, Feil R, Lancel M,
Chien KR, Konnerth A, Pape HC, Biel M, Hofmann F: Absence epi-
lepsy and sinus dysrhythmia in mice lacking the pacemaker
channel HCN2.  EMBO J 2003, 22(2):216-224.
23. Surges R, Brewster AL, Bender RA, Beck H, Feuerstein TJ, Baram TZ:
Regulated expression of HCN channels and cAMP levels
shape the properties of the h current in developing rat hip-
pocampus.  Eur J Neurosci 2006, 24(1):94-104.
24. Brewster AL, Chen Y, Bender RA, Yeh A, Shigemoto R, Baram TZ:
Quantitative analysis and subcellular distribution of mRNA
and protein expression of the hyperpolarization-activated
cyclic nucleotide-gated channels throughout development in
rat hippocampus.  Cereb Cortex 2007, 17:702-712.
25. Arroyo A, Kim B, Rasmusson RL, Bett G, Yeh J: Hyperpolarization-
activated cation channels are expressed in rat hypothalamic
gonadotropin-releasing hormone (GnRH) neurons and
immortalized GnRH neurons.  J Soc Gynecol Investig 2006,
13(6):442-450.
26. Yeh J, Kim BS: Increasing blunting of inhibin responses to
dynamic ovarian challenge is associated with reproductive
aging in the rat.  Reproductive Sciences 2007, 14(1):10-19.
27. Yeh J, Kim B, Liang YJ, Peresie J: Müllerian inhibiting substance as
a novel biomarker of cisplatin-induced ovarian damage.  Bio-
chem Biophys Res Commun 2006, 348(2):337-344.
28. Liao Y, Abel U, Grobholz R, Hermani A, Trojan L, Angel P, Mayer D:
Up-regulation of insulin-like growth factor axis components
in human primary prostate cancer correlates with tumor
grade.  Hum Pathol 2005, 36(11):1186.
29. Oktay K, Schenken RS, Nelson JF: Proliferating cell nuclear anti-
gen marks the initiation of follicular growth in the rat.  Biol
Reprod 1995, 53(2):295-301.
30. Manikkam M, Li Y, Mitchell BM, Mason DE, Freeman LC: Potassium
channel antagonists influence porcine granulosa cell prolifer-
ation, differentiation, and apoptosis.  Biol Reprod 2002,
67(1):88-98.
31. Bulling A, Berg FD, Berg U, Duffy DM, Stouffer RL, Ojeda SR, Gratzl
M, Mayerhofer A: Identification of an ovarian voltage-activated
Na+-channel type: hints to involvement in luteolysis.  Mol
Endocrinol 2000, 14(7):1064-1074.
32. Li Y, Ganta S, von Stein FB, Mason DE, Mitchell BM, Freeman LC: 4-
aminopyridine decreases progesterone production by por-
cine granulosa cells.  Reprod Biol Endocrin 2003, 1:31-44.
33. Elvin JA, Clark AT, Wang P, Wolfman NM, Matzuk MM: Paracrine
actions of growth differentiation factor-9 in the mammalian
ovary.  Mol Endocrinol 1999, 13:1035-1048.
34. Hayashi M, McGee EA, Min G, Klein C, Rose UM, van Duin M, Hsueh
AJW: Recombinant growth differentiation factor-9 (GDF-9)
enhances growth and differentiation of cultured early ovar-
ian follicles.  Endocrinology 1999, 140(3):1236-1244.
35. Wang C, Roy SK: Expression of growth differentiation factor 9
in the oocytes is essential for the development of primordial
follicles in the hamster ovary.  Endocrinology 2006,
147(4):1725-1734.
36. Spicer LJ, Aad PY, Allen D, Mazerbourg S, Hsueh AJ: Growth differ-
entiation factor-9 has divergent effects on proliferation and
steroidogenesis of bovine granulosa cells.  J Endocrinol 2006,
189(2):329-339.